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The gene enlcodinlg Bacillus anthracis protective antigen (PA) was modified by site-directed mutagcnesis,
suheloned into thacuiovirus and vaccinia virus plasmid transfer vectors (pAcYNI I and pSC. 11, respectively),N and inserted via homologous recombination% Into baculovirus Aufographa californica nuclear polyhedrosis

Nvirus or vaccina virus strains WR and Connaught). Expression or P'A was detected in both systems by
immnoloor-wece ssas w~hantisera front rabbits immunized with I.anthracis P1A. Western blot

(immunohiot) analysis showed that the expressed product (or both systems was slightly larger (86 kilodalIoS)
than BI. anlliracis-produced PA (83.5 kilodaltons). Analysis or trypsin digests of virus-expressed and authentic
PA suggested that the size difference was due to the presence of a signal sequence remaining with the0 virus-expressed protein. immunization or mice with either recombinant haculovirus-infectud Spodoplera
frugiperda cells or with vaccinia virus recombinants elicit ed a high-tliter. anti-I'A antibody response. I

11w diffi anthracis is the etiological agent oft anthrax. 4 2). S,:osequent annual boostecrs are necessary to maintain
disease which affects domestic livestock and is frequently' imimuni/ation. TIhe immunization schedule is effective butl
t~ital. Humans can also become infected through contact inetlicient. since multiple doses over long periods of time are
with infected animnals or animal products 44. 31 I. Two required. More recenuly. the etlicacy oif the human vaccine
virulence factors have been descrihed for 11. eWI/Irac.s. at againt certain strains of Bi. athrais has bcen questioned
tripartite exotoxin (1. 34, 37) and a poly-n-glutamic acid 417). PA appears to be the only essential component in an
capsuile (26. 44). 41. 49). The toxin and capsule have been et1ective anthrax vaccine (6. 9. 10. 13). 'rhe protective
shown ito be encoded by separate plasmids contained in BI. epitopes on PA appear to be those also involved in recogni-
anthraci.. pXt)1 and pX02. respectively (8 27. 44). Anthrax tion oft cell surface receptors, as the only two anti-P'A
toxin is composed of protective antigen (PA). lethal factor monoclonal antibodies that neutralize anthrax toxin (lethal

I1,F). and edema factor 4 EF). PA combines with F or LF to toxin and edemna toxin) also prevent P'A from binding to cell
form edemia toxin or lethal toxin, respctlively, however, surface receptors, (19).
individually, each of these three comnponents is not toxic. The primary objective of thie studies described here was
Lethal toxin may cause death in rats, guinea pigs, and mice the development oif vaccine candidates against II, anthraiwis
(1. 5. 6). Intradermal injection of edema toxin causes edem- which may be more eflicacious and less reactogenic. Our
atous lesions in the skin (6, 36. 42). Although the biological approach has been to insert the PA gene into foreign vectors
role of PA as a component of the anthrax toxin is not capable of expressing P'A directly in animals or vectors
completely understood, evidence has been obtained suggest- capable of* high expression rates in cell culture. rhc PA gene
ing that PA (83.5 kilodaltons ikDaI) initially binds to at has been cloned, sequenced, and subsequently expressed in
specific cell surface receptor and is subsequently proteolyt- several procaryotic systems (12. 45). Certain eucaryotic
ically cleaved by a trypsin-like proteas: ito produce a recep- viruses are currently being explored as foreign gene expres-
for-bouind 63.5-kDa fragment and a 2t)-kI~a fragment. which %ion systems and expression vectors for potential vaccine
is released from the cell surface (16). The 63.5-kfla PA use. A utngrap/tuj cahjornica nuclear polyhedrosis vints is an
fragment is then bound competitively by IFor EF (16). The insect virus thaculovirus) which can express foreign genes ito
resultinig toxin complex is thought to enter cells by receptor- Lunusually high levels when the gene is inserted into the
mediated endocytosis (7), but the mechanism of cell death polyhedrin gene of the virus (19, 23, 25. 28, 33, 35). Vaccinia
has not been determined. Trhe poly-in-glutamic acid capsule virus has been developed as a live, infectious expression
contributes to disease virulence by inhibiting phagocytosis vector for foreign genes inserted into the virus thymidine
(14. 49). kinase gene (21. 22. 29. 30). Insertion of thc P'A gene info

Vaccines Of variable efficacy and safety have been devel- vaccinia virus provided a eucaryotic recombinant vector
oped and used for many years. The current livestock vaccine capable oif P'A expression in vivo. whereas a hacuilovirus-PA
contains the spores of an attenuated. toxigenic. noncapsu- gene recombinant produced PA efficiently in cell culture.
fated strain of BI. (lilltais. originally developed by Sterne Demonstrated here are the expression of PA in both virus
(38). In the United Slates, the licensed human vaccine systems, the antigenicity of these products, and the immu-
consists of aluminum hydroxide-adsorbed supernatant ma- nogenicity of expressed PA in mice.
terial from fermentor cultures of V770-NP1-R. a toxigenic
but noncapsulated %train of ft. anthrais (32). Effective NIATFRIALS AND METlfODS
immunization requires an initial course of three doses fol- Viruses and cells. Vaccinia virus, strains Connaught (Con)
lowed by three additional doses given at 6, 12. and 18 months -and WR. qnd recombinants (Con-PA and WR-PA) were

prepared, propagated, and assayed in Vero ells as de-
Cotresponding author. scribed previously (3 22). All viral inrections were initiated
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in medium containing 10% fetal bovine serum. Vaccinia nitrocellulose filters. All cell lysate samples subjected to
virus recombinations were performed by infection of Vero SDS-PAGI- contained 3 x 10" to 9 x 10' cells per lane.
cell-, wit h I).00 PFU per cell. and cell-. were incubated for 3.5 Western blot transfers were performed in 25 mM rris, 192
Ii at 37C. followed by the addition of 30 pig of plasmid DNA mM glycine. and 20% methanol at 4°C for 12 to 16 h.
by CaCl. precipitation. A. cali irni', nuclear polyhedrosis Nitrocellulose filters were washed in 0.1% bovine serum

virus and recombinant baculovirues (lBac-PA and 2Bac- albumin-4).OMN-2-hydroxythylpiperazine-N'-2-ethanesul-
PA) were prepared, propagated, and assayed in Spodul, er, fonic acid (HEPES) buffer (GIBCO Laboratories. Grand
/ti ,iprda (SF-9) cells as described previously 439). Illand. N.YJ-0.1 M NaCI; preincubated 4 h at 4°C with 3%

Plasmids and bacteria. A phagemid vector that contained bovine serum albumin-0.05 M HEPES41.1 M NaCI (block-
the PA gene within a 4.2-kilohasc insert. pBiLSCRPPA. was ing buffer); and incubated with rabbit anti-PA antibody
kindly ,upplied by J. Lowe. United States Army Medical
Reearch Institute of Infectious l)ieascs (USAMRIID). The (kindly dupplied by S. Leppla) or PA-specific monoclonal
4.2-kilohase fragment was exciscd from the plasmid pPA26 antibodies (1) dilutcd in blocking buffer for 2 h at 37C.
(47) ith restriclion enzymes. C(l1 and Banill. and sub- Purified preparations of B. ,nthr i PA (15) were u sed to
cloned into the multiple cloning site of the phagemid vector, prepare poyclonal and monoclonal antibodies used for these
pl[XTJSCRilrr(Stratagcnc. La Jolla. Calif.I. pI3LSCRPPA studies. Filters were washed and incubated with protein
plasmid )NA was transformed into competent Eschrichia A-horscradish peroxidase (Kirkegaard and Perry Laborato-
,oh strain )1(5 cells (IBethesda Research Laboratorie%. Inc. * ie ,. Inc.. Gaithersburg. Md.) diluted in blocking buffer for 1
Gaithershurg. Md.) and amplified an! purified as previously h at 37'C. Fillcrs were then washed and reacted with
describcd 424). All other plasmid amplifications and cxtrac- 4-chloro-I-naphthol and hydrogen peroxide.
tion, ,.ere performed according to the procedures of Mani- Tryplin digest conditions. A 10-pig sample of baculovirus
atis ct al. (24). Purified H. an:hri-producid PA was kindly rccombinant-cxpressed PA or 20 pig of H. anthracis-pro.
supplied hk Leppla (USAMRIID) and ua. prepared as duced PA was digested with trypsin (6.6 and 0.66 p.g/ml.
pre%iou,sl described (. ). respectively) in .- p.I reaction volumes containing 0.25 M

Site-directed mutagenesis. pII.SCRIP'A DNA was tran%- I-IEPES. 10 mM CaCI.. and 5 mM i:I)TA (pH 5) at room
formed into competent I-. il (J236 cells (UN(- IUT temperature. A higher concentration of trypin was neces-
Bio-Rad Laboratories. Richmond. Calif.l. Transformd ,ary to digest baculovirus recombinant-expressed PA be-
CJ2 6 cell%, were expanded, and singlc-strand pIILSCRPPA cause this PA preparation also contained some nonspecific
l)NA template was generated by the method described in the proteins which were still present after PA enrichment by
Straitagcne pBLUl.SCRlIr" lExo/Mung DNA Sequencing affinity column chromatography.
Sstcrn manual. Two different oligonucleotldes were pre- ELISA. The quantity of vaccinia virus- and baculovirus
pared lApplied Iliosystems 381A )NA synthesizer. Foster recombinant-expressed PA was estimated by an antigen
Cii',. Calif.) which were complementary. wkith the exception capture enzyme-linked immunoorbent assay (E[LSA). as
of one and two altered nucleotides corrcxinding to two pre dnym-inkd i45 unRecmrinnt aifay ells wr
sites on the single-strand DNA template located 5' to the previously described (45). Recombinant-infected cells were
ptitatise PA gene promoter 147). Oligonuclcotide no. I disrupted by freezing and thawing and suspended in various

(3-CA'..,V I(ITAGA.AAATA(G(;C-') created a ness amounts of phosphate-buffered saline. Cell suspension (100
lf:lll site 241 nuclet ides upstream from the PA gene AT( I; was added to 1(0 p1 of dilution buffer (phosphate-
initiation codon. and oligonucleotidc no. 2 (3-(;G(' buffered saline. 0.51,' gelatin. 0.05 4 lween 20) and soni-
rl (;cu'iAi(rGCATAA-5') created a new IainIl site 224 cated on ice for 1 min. Samples were incubated at room
nucleotides upstream from the PA gene ATG initiation temperature for 15 min. diluted in dilution buffer, and
codon (underlined sequences identify the new restriction introduced into wells of flat-bottomed ELISA microliter
endonuclease sites). The nucleotide sequence of the PA gene plates which had been coated with goat anti-PA antibody
and certain tlanking sequences have been reported previ- (kindly supplied by S. Leppla) from a goat hyperimmunized
ously (47). Site-directed mutagcne,,is was performed on with purified B. anthracis PA.
pIlI.SCRPPA. according to the recommcndalioni of the The anti-PA titers of immunized mice were determined by
manufacturer. DNA synthcsis products were transformed an antiboly capture ELISA as previously described (17).
into competent E. coli MVII 90 cells, and transformants Immunizations. ICR and C57B1L/6 mice were inoculated
,,cre screened for the presence of mutations in pB1LSCRPPA with either baculovirus recombinant-infected SF-9 cells or
by differential hybridization with the appropriate oligonucle- vaccinia virus recombinants. Recombinant vaccinia virus
Otide (48). inoculum was prepared by using the procedures described

Fractionation of recombinant-infected cells, PAGE. and by Mackett et al. (22). Mice were given a single immuniza-
Western blot analysis. Recombinant-infected cells (Vero and lo wit el or (22). M 8 x 10e an 2 mmuniza-
SF-9 cells) were washed with ice-cold phosphate-buffered lion with WR-PA or Con-PA (8 x 10" and 2 x 10' PFU,
saline (Sigma Chemical Company. St. Louis. Mo.)and lyed respectively) by tail scarification. Secondary immunizations

by vigorous mixing in 1 ml of ice-cold cell lysis buffer (400 consisted of intraperitoneal injection of either WR-PA or

mnt NaCI. 50 mM Tris hydrochloride. 1 mM EDTA. 1% Con-PA (1.4 x 10' and 4 x 101 PFU. respectively) 21 days
Triton X-100. 10 pig of a-2-macroglobulin [Sigmal per ml, 10 after the primary injection.
p.g of aprotinin [Sigmal per ml. 0.2% deoxycholate IpH 8.01) Baculovirus recombinant-infected SF-9 cells were har-
per I x 106 to 3 x 10" cells. Cells were incubated on ice for vested 96 or 150 h (baculovirus recombinant no. 1 and 2.
5 min and then centrifuged (10000 x g) for S min at 4*C. The respectively). pelleted, suspended in PBS, and stored at
supernatant was stored at -70 0C. -70*C. Mice were given a single immunization with lBac-

Polyacrylamide gel electrophoresis (PAGE) of lysed. in- PA- or 2Bac-PA-infected cells (1.66 x 10" cells) intramuscu-
fected cell samples was performed on 10% acrylamide- larly. A second immunization was given intramuscularly
sodium dodecyl sulfate (SDS) gels. Polyacrylamide gels with 3.32 x 10 cells on day 21. On day 2$, all animals were
were either stained with Coomassie blue or transferred to bled and sera were stored at -20°C.
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RESULTS control of the polyhedrin gene promoter. liaculovirus re-
Consrucionof acuoviu%.and accniair%-P reom- combinants (I liac-P"A and 2llac-l'AI were selected by termi-

Connstructeion of teP eeit baculosiu-adscnasris-PA andom nal dilution of the initial recombinant virus mixture and

vaccinia virus required subcloning into the appropriate %irus yrd.aint Aeii uii cdpoe.Vcii
transfer % ectors (pAcYM 1 and pSC-1 1. respectively). Figure virus recombinants were generated by infection of Vero cells

I decrie-,schmatiall th geera proedue% or cnc with vaccinia virus (strains WR or Connaught) followed by

insertion and recombinant virus %election. To excise the PA taseto fpC1-A h Agn a nctdit
gene from pBLSCRPPA. two restriction enidonuclease: sites, the vaccinia virus thymidine kinase gene, under control of
a BIsll site tnucleotide 3352) and a Bam~ll site (nucleotide: the vaccinia virus 7.5-kDa promoter. by homologous recoin-
1135). %%ere introduced by site-directed mutagenesis into two bination between the thymidine kinase sequences in pSC-lI
different pBlLSCRPPA templates. pBLSCRPPA-1 and and vaccinia virus. Vaccinia virus recombinant% (WR-PA
p[ILSCRPPA-2. respectively. The PA gene was excised and Con-PA) were selected from plaques that were positive
from pBLSCRPPA-1 with Bglll and Rainl-l or from for 13-galactosidase expression. The lat-7 gene is unique to
pBLSCRPPA-2 with BamHl and subcloned into the baculo- the transfer vector pSC-11 (3).
virus transfer vector pAcYMI 425) to produce plasmids Characterization and antigcnidity of recombinant-expressed
pAcYNil-PA-I and pAcYMI-PA-2. The PA genc was ex- PA. Expression of the PA gene was detected by immuno-
cised from pI3LSCRPPA-1 with HgIll and Bamffl. and blunt fluorescent antibody staining in both baculovirus recombi-
ends were generated with the large fragment of DNA poly- nani-infectcd SF-9 cells harvested 72 h postinfection and
merase: I and subcloned into the SinaI site of the vaccinia vaccinia virus recombinant-infected Vero cells harvested 24
virus transfer vector pSC-11 (3) to produce pSC-11-PA. h postinfction. PA appeared to accumulate in the cytoplasm

Baculovirus recombinants were prepared by cotransfec- in both SF-9 and Vera cells. but the precise subcellular
tion of pAcYMlI-PA-1 or pAcYMlI-PA-2 and the baculovirus localization was not determined. Baculovirus recombinant-
genome DNA into SF-9 cells followed by homologous re- infected SF-9 cells were also examined by using 36 mono-
combination between polyhedrin sequences cotitained in clonal antibodies against B. ani/aracis PA (18). All PA
both the baculovirus genome and pAcYMI. The PA gene epitopes defined by a battery of monoclonal antibodies were
was inserted into the baculovirus polyhcdrin gene under detected on baculovirus recombinant-expressed PA.
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30 Kd -

21.5 Kd-
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I( 6 2 Wc,,iern hot, of cell l e,,.,te, from rcLomthnant infected cll cultur'% 4A) I1tac-PA-infcted SI'-' cell,, %4crc harvcted at vari s,
hitc, pt,,ifinkction 4111). Ilcd %,tli cell 1%,i buffer. ,uhj4.lcd to SI)S-PA(L through ]IIY acrlamidc g i%. and :ranferrcd to niroceilulo,,¢
and rc.ocd %4th rabbit anti PA antN itx. I.nc,, 1. 01 h Pl.2. 24 h Pl: 1. 1 h Pl. 4. 4K h P1; 5. 60 h P16 6. purified bacterial PA 41(01 ng); 7.
',ld-1tpc b Luo iru%.snfedetd cell%. .ppr-maicl) 72 h Pl. N. uninfcctcd $1.-9 cell h1,ate%. (I1) Vaccinia iru, recombinant (WR-I'A and
('on-11A i-infeited Vcro cell IWsatc, v.cic harve,ed at various time% Pl. lIcd '4lh cell I,%i, buffer. ,ubjectcd to S)S-IA(L; through (Y';
acramid ge,., and transfcrred and reactcd ijth rabbit anti-PA antaishl lanc%, I. Con-PA 6 h PI: 2, Con-PA 12 h PI; 3. ('on-PA IN h IlI;
4. (on-I'A '4 h PI: 5. WR-P'A 6 h PI. 6. WR.PA 12 h Pl. 7. lR-PA 114 h Pl. . WR-PA 24 h II: 9. purified bacterial PA |(Iingl; 1t. uninfected
V0ro cC11 I'ate, II. %. ld-1%P, %dmnha %irus, omnaught infected cell% 24 h I1 12. Aild-typc vaccinta ,iru% (WR)-infected cells 24 h I'l.
Stlecilar mas%% to the Icft of ca.h panel indi.ate the migratkyn Iikation, of protcin %tandard, not shoun. I'Apr. Ixpre,%%cd: II. anlhr. If.
anihrajp 1%

Recombinant ,irus-exprc%%cd PA %a% characterized fur- vaccinia virus recombinant% was %lightly larger (approxi-
ther b% Western blot analysis. Baculovirus recombinant- mately 86 kDa) than that ofrB. .nHtrmiA -produced PA (lane
expressed PA was detected a% early a% 24 h postinfection 9). A number of PA-specific fragments were also observed
(Fig. 2\. lane 2) and accumulated through 6( h postinfection (lanes 1 through 8): however. these fragments were different
(lane,, 3 through 5). PA production in SF-9 cell-. infected at a in sic and quantity from those of haculovirus origin. Non-
multiplicity of infection of 10 PIT per cell was estimated to specific binding of rabbit anti-PA antibody to wild-type WR-
plateau at 96 h potinfection (data not shown). Expressed or Connaught-infected Vero cell lysates or to uninfected
PA. the most prominent band in lane% 2 through 5. appear% Vero cell lysates was not observed (lanes 10 through 12).
%lightly larger (approximately 86 kDa| than f. anthracis- Baculovirus-exprcsscd proteins have been reported to
produced PA (83.5 kDa Ilano 61). In addition, there were a represent up to 25% of the proteins detectable in infected
number of PA-specific fragments (lane, 2 through 6). Rabbit SF-9 cell, (19) monitored by Coomassie staining. Expressed
anti-PA recognized expressed PA (lanes 2 through 6) and not PA in recombinant-infected SF-9 cells could be detected by
cell-,pecific protein-- (lane 8). However. the antibody re- Coomassie staining protein lysates subjected to SDS-PAGE
acted %ith a baculovirus protein of approximately 32 kDa (data not shown). Vaccinia virus recombinant-expressed PA
(lane 71. The entire battery ofanti-PA monoclonal antibodies was not detectable in cell lysates examined by these proce-
(18) also recognized baculovirus recombinant-expressed PA dures (data not shown). The amount of expressed PA
bound to nitrocellulose. The PA-spccific signal varied de- produced per recombinant-infected cell was estimated by
pending upon the monoclonal antibody used. antigen capture ELISA. Baculovirus recombinants pro-

Vaccinia virus recombinant-infected Vero cells were bar- duced up to 6 pg of PA per cell. and each vaccinia virus
vested at 6-h intervals during a 24-h incubation. At 24 h recombinant produced approximately 0.2 pg of PA per cell.
postinfection. >90% of the cells showed morphological signs The size difference observed between the recombinant-
of viral infection. Recombinant-expressed PA was detected expressed PA and the B. anthracis-produced PA (Fig. 2)
6 h postinfection with both WR and Connaught strain could be the result of a number of different co- or posttrans-
recombinants (Fig. 2B. lanes 1 and 5) and continued to be lational processing events. Trypsin cleaves native PA of B.
produced through 24 h (lanes 2 through 4 and 6 through 8). anthracis preferenliall) at one location to yield 63.5- (car-
As seen with the baculovirus recombinant-expressed PA. boxy-terminal) and 20- (amino-terminal) kDa fragments (16).
the apparent molecular mass of the PA produced by the We digested baculovirus recombinant-expressed PA with
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1 2 2 4 5 6 7 8 expressed PA was immunogenic. mice werc injccted with
haculovirus recomhinant-infected SF-9 cells or infected with

- 200 Kd vacciflia virus recombinant%. Mlouse serum was collected
and screened by antibody capture ELISA with B. aniIracis-
produced PA. The results of these experiments are pre-
sented in Table 1. Animals givcn only a single immunization

as ""ell as those given a second immunization with vaccinia
86 Kd - 9 .- 92.5 Kd virus recombinant% displayed anti-PA antibody, however,

83.5 Kd animals receiving a second immunizatiorn exhibited consis-
- 69 Kd tently higher titers than animals given a single immunization.

6. d - JR if 46 Kd 4 In adiin nmkimmunized with WR-PA displayed
higer ntio~yresponses than those immunized with Con-

4: 406 lowPA.

- 46 ad i PA-specific immune response in mice-. however, the anti-
PA !ters were generally lower than those observed for
siccinia .irus recombinant-immunized animals. A second
immuni/ation wAith recombinant 2ll1ac-PA induced high ti-

- ters. similar ito those observed in mice immunized twice with
the . accinia virus recombinants.

- --- 30 Kd D)ISCUSSION

- - Itaculovirus recombinant% and vaccinia virus recombi-

24 Kd- - -flnts haive been used to express foreign, immunologically
significant proteins of pathogenic agents (19, 29). The vac-
cinia %rirus and baculovirus expression systems have been

20OKd- ,sscd here successfully to produce PA. As far as can he
Its& - 21.5 Kd determined, baculovirus recombinant-expressed PA is iden-

licail antigenically to bacterial PA. because all 36 antigenic

- 14.3 Kd doterminants, as defined by monoclonal antibodies I I). are
present. P'A can be safely produced free of trace amounts of
I.T and LF for potential use in vaccine development and

I If, 1.Tr,.Pssn digest ol hi.UlU,11iU% FC'omtnn-irc%%cd biological function and structure studies of anthrax toxin.
MA I xrreNscd P'A and piiritcd samprles Of 'aJ~Cr1Al PA~ wre irae Preliminary results indicate that purification of PA from

%%;ith tr% rsin. Saimptes %%crc wih~-cted to) St)%PAGE thog 12 V;- hiculowius recombinant -infected SF-9 cells is possible by
linuamde. transferrted to nitrocllutose titters. and tidetd with immunoallinity chromatography (unpublished results).

rahlhit anti-P'A ,ithod,. Lane% 1. hacicti~Ai PA (undiravstcdi. . -the unit size of baculovirus recombi nant -e:xpressed PA
haiei,,l PA Ot-nifl digesit. 1 hacnal I'A 41-mi digesti. 4. appears slightly larger than that of the bacterial PA. BI.
haIeri it PA 21)-mmi digesti. . rckmtinant-csprcssed PA oundi- uinthratist PA is secreted from bacterial cells with the aid oIf
ge~ied). f). rconitmant-c~pressed PA (5-mmn digest). 7. rccoenh- a 29-amino-acid hydrophobic: signal sequence located at the
namn-eprcssed PA ho-mm digesti. 9. ta:m'mhinAnt-cspr.sed PA amino terminus of the nascent po~lypeptide (16, 47). One
01I nin digcsti. NMlecular masses% to the right of the panel indicate psiiiyfrtes/ ifrnei htteccroi
thc mhigration tmscations of protcin standard% not %houn. Aro% and cpssibiitor ytesi difo reone tis that the ucarigtil
mnolcular masses to the left of thec pdncl indicate the migratkMi xrsinssesd o eonz hspoaytcsga

lcunsof PA.~ fragmntts produccd tm itatmnrt %ith trypsin- sequence efficiently in the nascent PA polypeptide and thus
do not remove it. This would produce a PA approximately 3
kl~a larger than the mature bacterial PA. Amino-terminal

tr% psin in an attempt to associate the P'A sie difference with sequencing of full-size baculoviru% recombinant-e xpressed
oIne or both primar% fragments. Baculoviru% recombinant- PA was attempted, but the amino-terminal amino acid was
expressed PA vsa% concentrated by immunaosorttent chroma- blocked. Trypsin digests of R. wuilhracis-produced PA and
tograph% (data not shown) with a PA-s.pecific monoclonal baculoviru% recombinant-produced PA showed that the ami-
antibody (18. 20). B. anthrumiA-produced PA was cleaved no-terminal fragment from recombinant-expressed PA was
efficiently from 83.5 (Fig. 3. lane 1) :o 63.5- and 20-kDa 24 instead of 20 kDa. These data suggest that the PA signal
fragments (lanes 2 through 4). Baculovirus recombinant- sequence was not removed in the recombinant-expressed
expressed PA (lane 5) was also sensitive to digestion with product.
trypsin and produced predominantly a 63.5-kDa fragment Our results indicate that PA production in vaccinia virus
and a second fragment which was approximately 24 kfla recombinant-infectecd Vero cells is significantly less than that
(lanes 6 through 8). Therefore, the size difference between of baculovirus recombinant-infected SF-9 cells. Antigen
bacterial and baculovirus recombinant-exprerssed PA would detection data suggested that either the PA expression levels
appear to be associated with the amino-terminal 20-kDa differed in the two eucaryotic systems or that the expressed
protein fragment. PA products in thc two eucaryotic systems were different

lmrnunogenkity of rcotbinant-espressed PA I mice. enough antigecnically to result in differential anti-PA antibody
High anti-PA titers are found in animals immunized with the recognition. In support of the former possibility, expressed
Sterne vaccine and several PA-producing bacril- viectors PA was detectable in baculovirui riecombinant-infected SF-9
t14-12. 46). Anti-PA antibody confers some degree of pro- cell lysates by Coomassie bluer-stained acrylamide gels but
tection in these animals. To determine whetr recombinant- not in vaccinia virus recombinant-infected Vero cell lysates.
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I ABLE 1. Antillodi filer%. in mice after immuni/ation with PA-producing vaccinia virus. recombinant%.
or hbiculo..iru.. recombhinant-infected N. fruigipe-rda ccii..

Anii-PA titer~'

V-,in I( RC57IIL/6

One ininni.niln Tr, immunization%. One immiunization Two immufliition..

Vjcciia. .. rus
WikR- PA 9.1456 0 20l~ 0 IZWiKJ) Ii 29.11) 3,936 0(X)M-12.14) 40.000l (9,1012801(11
( on PA 221) -4180~ 31.13 011A88-311,) 1.056 (320-1.6(8)) 29.2401 16,448)-4.(XXll

Ifa 114 I lus

I Itlic-PA 201 11-1(03.x0tbI2.l 66 (10-3-N)) 5.280 (640-12.90)

g corrimc: rc nican 4 n - 'II5 rcI PF1IA for ..nimAI. % m dc Icrmancd h EI ISA. I he range i~ ind icatecd in paticnt he...%. The fir.t imm ufliiat ion wa, gi ven
in .j,41 (i IC ic 1 inimfl/tw, jN gi~jncn tin la 21. tin dA) -'K, all ,.nim..in %ere hlcd

'I hcretore. we sugge..t a difference in the PA concentration 7. Friedlander. A. M. 1996. Macrophage.. arc sens.itive to anthrax
per cell. lethalI toxin through an acid-dependent process.. J1. Bil. Chem.

P exrsebyteerecombinants. wa% muoei 261:7123-7126.
PAr mc'.e.eum tewee deemndb nimmunogte 8. Green. B. D).. L. Balati. T. MI. Koehler, C. B. Thorne, and B. I..

FLIS it Sermctera wA.ere rmedre. tibodi apture% Itins. 1985. Demons.tration of a cap..ulc pla..mid in lBacillui
FuSS~iti bateral P. Terefre.thc ite.. i anmal. .Jnthra iA. Infect. Immun. 49:291-297.

reflected anltbody that recognized authentic. toxin comrxo- 9. lamblen. P.. J. A.Carman. and J.elling. 1984. Anthrax: the
nent PA. Anti-l', antibody titer%. %ere comparablec to anti- diseasi.e in relation to vaccine%.. Vaccine 2:125-132.
PA antihody titer%. rcrporled in other animal. immunized w4ith 10. ln. B. E. 1998. The s.earch for a new-gicneration human
PA or PA-producing bacteria (10-13. 17. 43). PA prodxuced anthr-axi vaccine. Clin. Immuniot. New..l. 9:30-32.
h 21ic-PA appeared to immunize the animal.. better than 11. Inmi. B. F.. J. W. Erzel. Jr.. J. Jenuaki, K. W. Itedlund, J. 1).
did lI lac-PA: however, an antigen capture 1:LISA demon- Rixtroph. and S. 111. te~ppla. 19M6. immunization s.tudies with
..traited that 2B3ic-I'A-irfccd cell%. uxed to immunize ani- attenuated %.train%. or Batillu.s anthracit. Infect. Immun. 52:
maiI. contained six to eight times. more PA per cell than the 12. 458
I liac-l'A-infiected cell%. (data not ..hovwnl. Thu... the l)Ower 12- .... B. E.. and S. Wtlko%. 1986. Cloning and express.ion of the

Bcarillu.i anhracA. protective antigen gene in Ilacillu.t subti/i.
aittodv titers. pres.umably reflect a lowecr immunizing doxe Infect. Immun. 54:5.17-542.
raither than a qualitative difference in the expreco~ed immu- 13. Isnso. B. E.. aind S. Welkos. 1988. Recent advances in the
nogcn... I-hexe results. .ugoe..t that the anti-PA antibody development of an improved human anthrax vaccine. Fur. J.
liter-, aire directly related to the amount of PA uxcd to 1:p'idemniol. 4:12-19.
immuni/e the animal%. and demon..trate that tiaculoviru.. 14. Keppie. J.. P. W. Ilarris-Smntth, aind If. Smith. 1963. The
tccomhinanI-expre....d PIA and vaccinia ..iru.. recombinant, chemical bas.is of the virulence or Bacillus anfirracis. It. The
tire capable of inducing high anti-PA titer% in mice. The role of the terminal hacteremia in death of guinea-pig, from
ability of thc~c anti-PA antiboie.. to neutralize toxin anod anthrax. Hr. J. Exp. Pathlol. 36:315-322.

animl..froma I. afJ~ruji..poe callnge x bing I i. taIiA . S. If. 1988. Production and purification of anthrax toxin.protect amlfrmaB nhai prchlegisbng Method.. lnzymol. 165:1(03-116.
explored currently. 16. leppla. S. H., A. M. Friedlander, and E. MI. Cora. 19847.

Proteolytic activation of anthrax toxin bound to cellular recep-
ACKN()WEIX;NMNTS tor%.. p. 111-112. In F. Fehrenbach et al. ifed.). Bacterial protein

toxtin'. Gustav Fischer. Stuttgart. Federal Republic of Ger-
We think Stephen Litle. Stephen Lcppta. and Jeanne Novak fo many.

technicail adi. ice and Ginny Carlxen for technical ass.istance. We als.o 17. Litttle. S.'F., and G. B. Knudson. 1986. Comparative efficacy of
think Adrienne Hlil for manus.cript preparation. Ba( c//us anthra-ris live ..pre vaccine and protective antigen

vaccine agains.t anthrax in the guinea pig. Infect. Immun.
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